Leachate quality and methane emission from pilot-scale lysimeters operated under semi-aerobic and anaerobic conditions were monitored for 650 days. Two semi-aerobic lysimeters were filled with un-compacted and compacted municipal solid wastes whereas two anaerobic lysimeters containing compacted wastes were operated with leachate storage at 50% and 100% of waste height, respectively. Despite having high moisture in wastes and operating under tropical rainfall events, leachate stabilization in semi-aerobic lysimeters took place much faster resulting in BOD reduction by 90% within 60 days, significantly shorter than 180-210 days observed in anaerobic lysimeters. Nitrogen concentration in leachate from semi-aerobic lysimeter could be reduced by 90%. In term of gas emission, semi-aerobic lysimeter with un-compacted wastes had much lower methane emission rate of 2.8 g/m 2 /day compare to anaerobic lysimeters (62.6 g/m 2 /day) through seasonal fluctuation was observed. Nevertheless, semi-aerobic lysimeter with waste compaction has similar performance to anaerobic lysimeter.
Introduction
Direct landfill of untreated solid wastes is being used as the only disposal method for management of municipal solid wastes (MSW) in many countries. However, current landfill disposal techniques consider landfill site as a passive waste storage system, and disposed waste in the landfill is isolated from outside environment. The biodegradation of organic wastes in this type of 'dry tomb' disposal is restricted due to low moisture available in the landfills as it does not provide microorganisms with optimum environmental conditions [1] . The disposed wastes will therefore undergo through microbial biodegradation very slowly, and thus lengthening the process of landfill stabilization. As a consequence of this slow biodegradation process, landfill gas and leachate which are the by-product are hardly stabilized and its production can last for decades and therefore result in a significant long-term negative impact on human health and natural environment. In order to overcome this problem, several researches were carried out in attempt to seek new landfill techniques which can accelerate landfill stabilization process and reduce pollutant emission [2] .
Semi-aerobic landfill concept has been initiated for improvement of disposal of MSW in Japan by the Fukuoka City and Fukuoka University [3] . In semi-aerobic landfill, air entered the leachate collecting pipe, which was partially filled with leachate and air flow was driven by the temperature difference between inside of the waste cell and ambient air. This air intrusion into the waste body leads to subsequent improvement of waste stabilization and leachate qualities due to the enhancement of the aerobic microbial activities within the waste cell [4] . Moreover, the provision of passive gas vent also helped to aerate the landfilled waste [5] . Under aerobic condition, organic matter present in wastes is subjected to biodegradation by aerobic microorganisms to carbon dioxide and water. Aeration of landfills results in rapid reduction of organic pollutants and in the reduction of odor emission [6, 7] . Twenty parameters of landfill leachate were investigated to compare the quality between semi-aerobic and anaerobic conditions and their results have shown that the concentrations of contaminants were reduced under semi-aerobic condition much greater than those in conventional landfill [8] . Therefore, it revealed that semi-aerobic landfill system is a viable method for reducing pollution from landfills and its application is also highly feasible based on the cost-benefit evaluation of the entire implementation process from the development stage to final closure [9] . In addition, semi-aerobic landfill can greatly shorten the time for stabilization of organic wastes in the landfill site, subsequently lead for faster reclamation of the landfill area [10] .
Despite of its obvious benefit, the applicability of semi-aerobic landfill technology is tropical developing countries in still doubtful due to the fact that heavy rainfall during monsoon season may reduce air penetration into the landfill cell and turn the microbial activities into anaerobic condition. The limited aeration thus can result in relatively much slower waste stabilization process comparing to actively aerated landfills [11] . Therefore, landfill design and operation has to be adjusted for specific local settings of tropical landfills [12] . Very limited information regarding the influence of tropical rainfall on waste stabilization, leachate qualities and gas emission from landfills, specifically under semi-aerobic conditions are available. The possible influencing factors governing air supply for biodegradation of organic wastes in semi-aerobic landfills can be, for instance, waste composition, compaction density, precipitation intensities and efficiencies of leachate collection system. The primary objectives this research were to investigate long-term performance of semi-aerobic landfill lysimeters operated under simulated tropical conditions in terms of organic waste biodegradation as well as leachate qualities and methane emission and compared with those of conventional anaerobic landfill. Fate of carbon and nitrogen during semi-aerobic decomposition of wastes was studied in order to verify organic transformation and potential emission reduction which could be achieved in this specific landfill.
Materials and Methods
Pilot-scale solid waste lysimeters were made of steel with 0.9 m diameter and 2.7 m height. They were filled with MSW obtained from a local authority in Thailand to an initial height of 1.8 m. ) of initial height of waste layer, respectively. The mail purpose for having different level of leachate storage in the anaerobic lysimeters was to simulate anaerobic landfill operation with different leachate drainage efficiencies. Based on our previous study, internal storage of leachate can affect degree of waste stabilization as well as leachate qualities and gas production [14] . In all lysimeters, the waste layer is covered with 0.3 m sand layer. The schematic of lysimeters is shown in Fig. 1 .
The lysimeters were operated and monitored over 650 days. For determining solid waste physical characteristic changes during the lysimeter operation, moisture content and temperature inside the lysimeters were continuously monitored at five different levels along the waste height (i.e. 0.55 m, 1.05 m, 1.55 m, 2.05 m, and cover material) using moisture (SM200 model; Delta-T Device, Cambridge, UK) and temperature (thermocouple type K; Sankei-Rika, Tokyo, Japan) probes connected to a data logger (GL200A; Graphtec, Yokohama, Japan). To simulate tropical rainfall condition, actual rainwater was discharged into the lysimeters from rainfall collection pans having 70% of lysimeter footprint area as the runoff coefficient was assumed to be 0.3. During the experimental period, waste settlement rate, leachate quantity, and characteristics were monitored once a week. The determining parameters included pH, biochemical oxygen demand (BOD), total organic carbon (TOC), suspended solids (SS), total dissolved solids (TDS), ammonium nitrogen (NH4 + ), total kjeldahl nitrogen (TKN), phosphate (PO4 3- ), and electrical conductivity (EC). All water quality analyses were performed according to Standard Methods for the examination of water and wastewater 20th edition [15] . TOC was analyzed by a TOC analyzer (Shimadzu 5000A). Landfill gas composition (CH4, CO2, O2) and surface methane and carbon dioxide emission rates were also regularly measured at once a month interval. In order to evaluate the degree of anaerobic condition in the lysimeters, methane ratio at mid-height of the waste layer is used as an indicator and it was determined from CH4 and CO2 concentrations in the sampled gas as follows. (1)
Where [CH4], [CO2] are methane and carbon dioxide concentrations in landfill gas, respectively. This determination of methane ratio is derived from the fact that under complete anaerobic condition in the lysimeter, methane content in produced gas which composed mainly of methane and carbon dioxide would be at 60%. With the presence of oxygen, methane would be produced at a lesser amount while carbon dioxide would be produced more from aerobic decomposition. This will result in having lower methane ratio in the produced gas.
For determining surface methane and carbon dioxide emissions, a close flux chamber with the same footprint area as the lysimeters was placed at the top of lysimeter and incremental rate of methane concentration in the chamber was determined by periodical sampling the gas from the chamber and analyzing their composition by a gas chromatography (Shimadzu GC-14B, FID detector). CH4 and CO2 fluxes were then determined by the following equation:
where F is gas flux (g/m The close flux chambers used in this study were made of acrylic with a diameter of 0.94 m and 0.30 m height equipped with an acrylic cap at the top of the chamber. To protect against air intrusion, the chambers were sealed to the bottom of chamber by placing under water in the ring channel at the top of the lysimeters.
Results and Discussion

Waste Characteristics
During 650 days operating period, daily rainfall volume discharged into the lysimeters were recorded and their variations are shown in Fig. 2 . The volume of discharged rainwater ranged from 0 to 151 L/day, exhibiting clearly different pattern between rainfall and dry period. As a results of rainfall input, the produced leachate from semi-aerobic lysimeters (Sm I, Sm II) and anaerobic lysimeters (An I, An II) over the entire operating period were determined as 15.30%, 15.11%, 12.54%, and 11.62% of rainfall volume, respectively. The productions of leachate in both semi-aerobic lysimeters were found to be statistically different from anaerobic lysimeters. Higher quantity of leachate found in semi-aerobic lysimeters could be explained by higher decomposition of organic wastes and complete drainage of leachate from the lysimeters. On the other hand, anaerobic lysimeters had internal leachate storage at 50% and 100% of waste height in An I and An II lysimeters, respectively. The evidence of higher degree of organic waste biodegradation in semi-aerobic lysimeters was also shown in term of solid waste settlement. Observed settlement over the entire operating period in semi-aerobic lysimeters (Sm I, Sm II) was between 0.3 to 0.4 m or 12%-16% of initial height, higher than 0.15 m (6%) observed in the anaerobic lysimeters.
Previous research has suggested that highest temperature in a semi-aerobic landfill could elevate up to 50˚C-76˚C [2] . Nevertheless, average temperature in the lysimeters observed in this study was found to be only 31.9˚C±1.7˚C in semi-aerobic lysimeter containing lower waste density (Sm I) and 30.8˚C±1.9˚C in semi-aerobic lysimeter containing higher waste density (Sm II). For anaerobic lysimeters (An I and An II), the temperature was slightly lower (29.3˚C±1.8˚C). One of the possible explanations for lower temperature observed of this study was due to heat lost through dissipation from the lysimeter wall which prevented the elevation of temperature inside the lysimeters. During the operation, average moisture content of solid wastes in the lysimeters were found to vary between 48.2%-67.46% except those solid wastes which was submerged under water in the anaerobic lysimeters. It was found that lowest moisture content was observed in Sm I whereas the highest was found in anaerobic lysimeters. This observation could be explained by the loss of moisture with naturally ventilated air in the semi-aerobic lysimeters. Fig. 3 show the variation of leachate characteristics during the lysimeter operation. It was found that leachate from semi-aerobic and anaerobic lysimeters with higher waste density (Sm II, An I, and An II) was initially acidic and became neutral afterwards. Nevertheless, neutral condition was always maintained in semi-aerobic lysimeter with lower waste density. BOD in leachate were correspondingly of organic condition and significantly reduced afterwards. While BOD and TOC were decreasing, pH remained around neutral range and nitrogen as TKN remained elevated [16] . Both COD and NH3-N can be used as stabilization criteria in semi-aerobic landfill [17] . In this study, time required for 90% reduction of BOD concentration in leachate from 44,000 to 5,000 mg/L was only 60 days in the semi-aerobic lysimeter with un-compacted wastes (Sm I), much shorter than 180-210 days for the others. The trend of TOC reduction was similarly to that of BOD. Meanwhile, TKN were sharply increased after a lag period of about 60 days. Afterwards, they were maintained relatively constant in anaerobic lysimeters but gradually reduced under semi-aerobic condition. Nitrite and nitrate detected in leachate from the semi-aerobic lysimeters could be transformed during nitrification reaction under the presence of oxygen in the lysimeters as it was simultaneously observed together with TKN reduction. The destabilization time of semi-aerobic lysimeter in this study was found at the same range as that of aerobic lysimeter operated over 70 days [18] and it required much shorter time than that of anaerobic conditions [18, 19] . Table 2 shows average values and variations of leachate characteristics in terms of pH, BOD, TKN, and NO3
Leachate Characteristics
-in the lysimeters.
Gas Composition and Methane Emission
The variations of CH4, CO2, and O2 concentrations in waste layer of different lysimeters are monitored. CH4 content in gas from anaerobic lysimeter with 50% leachate storage (An I) was found increased to 60% (v/v) after 120 days and maintained until 480 days of operation. Subsequently, CH4 concentration decreased to about 20%-30% (v/v) afterwards. The changes in CH4 concentrations in An I lysimeter was related to precipitation, being high during day 120-400 and low during day 420-540. In the semi-aerobic lysimeters, CH4 increased to 30% (v/v) and 50% (v/v) in Sm I and Sm II. An increasing in CH4 concentrations in semi-aerobic lysimeter without waste compaction (Sm I) corresponded with rainfall. CO2 in semi-aerobic lysimeters (Sm I, Sm II) were found in range 10%-35% (v/v) along operation period and tended to decrease. On the other hand, anaerobic lysimeter (An I) had CO2 concentration in range between 25%-50% along the operation period. These phenomena indicate the presence of aerobic condition in semi-aerobic landfills (Sm I and Sm II) and it could reduce CH4 and CO2 concentrations from those of anaerobic condition in long-term operation. The measurement of O2 concentration was also used to confirm the presence of semi-aerobic condition in the lysimeters Sm I and Sm II. The O2 concentration at 0.55 m from the bottom of the lysimeters decreased during initial 120 days of operation. Subsequently their concentrations in Sm I increased to about 20% during day 200-520. In Sm II, the concentration increased gradually after 360 days and finally reached about 15% at the end of experiment. Meanwhile, those in An I maintained lower than 5% throughout the experimental period. Higher concentrations detected at the bottom of the semi-aerobic lysimeters indicated the effectiveness of air intrusion into the waste layer despite having high moisture content at field capacities in those lysimeters (530 mm/m in Sm I and 600 mm/m in Sm II and An I) operated through tropical rainfall event period.
Based on measured CH4 and CO2 concentrations, methane ratio in landfill gas were calculated and their variations are shown in Fig. 4 . Their average values and variations are also presented in Table 2 . The anaerobic lysimeter (An I) had their methane ratio increased and research completed anaerobic condition (methane ratio=1) after about 100 days of operation whereas those in semi-aerobic lysimeters gradually increased and reached higher degree of anaerobic condition (with methane ratio of 0.6-1.0) after day 200. During the rainfall period (day 160-400), methane ratio in the two semi-aerobic lysimeters were found to be statistically different (0.43 for Sm I and 0.52 for Sm II). Sm II with compacted wastes had higher methane ratio similar to An I lysimeter but methane ratio in Sm I without waste compaction had its methane ratio decreased after 330 days back to original low value at day 420. Reduction of methane ratio in Sm I was well responding to the end of heavy rainfall period after day 270. It was maintained at about 0.3-0.4 during subsequent lower rainfall period during day 320-400 and further reduced to 0 afterwards when the rainfall Fig. 4 . Variation of methane ratio in gas and rainfall events in the lysimeters. period was completely terminated. At the end of rainfall period, the moisture content of the waste at the bottom of lysimeter where air was introduced into the lysimeter was found to be about 28%-30%.
The variation in methane emission rates during lysimeter operation is shown in Fig. 5 . In the anaerobic lysimeters, methane emission rates were found varied between 9.7-261.4 mg/m 2 /day with an average value of 62.6 mg/m 2 /day. In semi-aerobic lysimeter, the emission rates were mostly lower than 20 g/m 2 /day except few events after heavy rainfall. Average emission rate in Sm I was 2.8 mg/m 2 /day, more than 95% reduction from those under anaerobic condition. The emission rates in Sm II with waste compaction was about 2 times higher than Sm I. Significant reduction in methane emission could be achieved in semi-aerobic condition operated under tropical rainfall events. Interestingly, methane concentrations in waste layer at mid-depth of waste layer in semi-aerobic lysimeter with compaction (Sm II) were found nearly at the same level as anaerobic lysimeter with 50% leachate storage but its methane emission rate was lower by about 90%. The measurements of CH4 concentrations along the depth of waste layer in Sm II revealed that their concentrations at the lower part of waste layer (i.e., 0.55 m) was kept lower than 10% most of the time except during day 240-330. Effective introduction of air at the bottom of lysimeter Sm II during majority of the operation period helped reducing methane concentrations at the upper part of the lysimeters through dilution and oxidation mechanisms thus decreasing their emission by surface diffusion. Table 3 shows the determination of inflow and outflow of carbon and nitrogen in the lysimeters. During the operation, it was found that carbon was leaching out with leachate from semi-aerobic lysimeter with un-compacted wastes by about 1.8% of original wastes, significantly lower than 3% found in other lysimeters. Other pathway for carbon outflow was via gas emission in the forms of CH4 and CO2. The operation of lysimeter under semi-aerobic condition helped reducing carbon outflow of methane from 16.6%-17.3% in anaerobic lysimeters to only 0.5%-1.4%. Simultaneously, CO2 outflow in gas was also reduced from 13.1%-15.0% to 5.8%-6.4%. Especially in semi-aerobic with un-compacted wastes, CH4 emission could be reduced by more than 99% from that in anaerobic landfill. Previous research has demonstrated that aerobic pre-treatment of wastes facilitated the transfer of organic carbon from uncontrolled biogas and highly polluted leachate to aerobically generated CO2 [20] . In term of nitrogen, nitrogen outflow from the lysimeters as NH3 and organic nitrogen was consida b ered as the N2 emission in gaseous form could not be accounted. Similar to the carbon trend, nitrogen outflow from semi-aerobic lysimeters could be reduced from 28%-42% and 25%-53% in NH3 and organic nitrogen forms to 7.7%-9.2% and 9.4%-11.0%, respectively. Majority of unaccounted nitrogen in semi-aerobic lysimeters was possibly contributed from nitrogen transformed through nitrification and denitrification reactions under semi-aerobic condition in the lysimeters. During their transformation, the oxidized nitrogen forms (NO2 -, NO3 -) could be produced by the introduction of oxygen during semi-aerobic condition and subsequently reduced back mainly to N2 gas. In real operating landfills, nitrogen can also be found in the drainage layer, or could be lose as NOx or N2O gas [21] . N2O could also be generated from the aerated landfills where nitrification and denitrification existed simultaneously [22, 23] . Other possible mechanism could be the transformation of nitrogen by anammox bacteria in the system [24] .
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Conclusions
Semi-aerobic landfill operated under natural ventilation helped improving leachate quality and reducing methane emission in comparison to anaerobic condition. Despite of having high moisture wastes operated under tropical rainfall period, more than 90% of organic reduction in leachate could be achieved within 60 days. Ammonia nitrogen in leachate also reduced up to 90% through nitrification reaction. Nevertheless, waste compaction should be properly controlled to facilitate air flow into the waste body. Methane emission rate from semi-aerobic lysimeter was fluctuated seasonally but maintained at 2.8 g/m
